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Secondary copper smelting processes (SeCu) have previously been identified as an important source of brominated
dioxinsandfurans(PBDD/Fs).IdentifyingthemajorstagesresponsibleforPBDD/Fformationandemissionsiscrucialfor
developing technology to reducePBDD/Femissions fromSeCu,butnothing is currently known in this regard. In this
study, stackgassamples from threesmeltingstages (feeding–fusion,oxidationanddeoxidization)werecollectedand
analyzed forPBDD/Fs to identify thestagemostresponsible forPBDD/Femissions.Theresults indicated thatPBDD/F
emissionsmainly occurred during the feeding–fusion stage.Overall, PBDF emissionsweremuch higher than PBDD
emissions throughout the smelting process. Higher–brominated PBDD/F congeners were the most dominant
contributors. The emission factors of PBDD/Fs during the feeding–fusion, oxidation and deoxidization stages were


















Polybrominated dibenzo–p–dioxins and dibenzofurans
(PBDD/F) are persistent organic pollutants (POPs). Because they
are structurally analogous to polychlorinated dibenzo–p–dioxins
and dibenzofurans (PCDD/Fs), PBDD/Fs exhibit similar physicoͲ
chemicalpropertiesandtoxicities(Behnischetal.,2003;Birnbaum
et al., 2003; Olsman et al., 2007; Samara et al., 2009). ConcenͲ




tetrachlorinated homologs in human adipose tissue significantly
increasedbetween1970and2000,whichhasincreasedworldwide
attention on the sources and concentrations of PBDD/Fs. The
unintentionalformationandemissionofPBDD/Fsduringindustrial







most significant sources of PCDD/Fs (Ba et al., 2009; Nie et al.,
2012;Hu et al., 2013). According to China’sNational ImplemenͲ
tationPlan,PCDD/Femissions fromsecondarycopperproduction
were1134gtoxicequivalents(TEQ) in2004,contributingto24%
of the total emissions from ferrous and non–ferrous metal
production(NIP,2007).TheformationmechanismsofPBDD/Fsare
similar to those of PCDD/Fs during industrial thermal processes
(Weber and Kuch, 2003;Ortuno et al., 2014). Secondary copper
production is therefore speculated tobe an important sourceof







feeding–fusion, oxidation and deoxidization. Raw materials are
addedtothefurnaceandheatedthroughthecombustionoffuel.
Whentherawmaterialshavealmostmelted,airispassedthrough
the liquid copper to eliminate impurities. After oxidation, a
reductantisinjectedintotheliquidcoppertodeoxidizethecopper
oxide.Someorganicmaterialssuchasplastics,cables,paintsand
oilsmight be present as impurities in the rawmaterials. Scrap
metalusedas rawmaterial isbelievedtocontainBFRresidues in
cablesandplastics (Kemmleinetal.,2003).Duringeach smelting
stage, the formation and emission of PBDD/Fs may occur as a
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In this study, stackgas samplesduring three smelting stages
were collected and analyzed to quantify the emissions and
characteristics of PBDD/Fs under different SeCu stages. This






2.1. Information on the case plant and collection of stack gas
samples

Reverberatory furnaces are the most widely used for SeCu
processes inChina (Huetal.,2013).Rawmaterials for secondary





SeCu processes in China. In this study, a typical SeCu plant,
equippedwith a reverberatory furnace andbag filters asAPCDs,
was selected to identify the emissions and characteristics of
PBDD/FduringdifferentstagesoftheSeCuprocess.Theproduction
capacityof the reverberator in theplantwas125 tonsofcopper.






et al., 2010). The sampling system (Isostack Basic, Tecora, Italy)
consisted of ISOSTACKBASIC pumps, ISOFROST coolers, aheated
titanium probe, a filter box equipped with a quartz fiber filter
(quartzmicrofiberthimble,Whatman)andawater–cooledXAD–2
adsorbent trap (Amberlite XAD–2, Supleco). Quartz fiber filters
were used to collect particle–bound pollutants and XAD–2
adsorbentresinwasused fortrappingvapor–phasecontaminants.
The sampling period covered the three different stages of
secondary copper smelting in one batch. 37Cl4–labeled 2,3,7,8–
tetrachlorinated dioxin (37Cl4–2,3,7,8–TCDD) was spiked into the
resinprior to sampling for evaluating the sampling efficiency.All








SmeltingStage Feeding–Fusion Oxidation Deoxidization
Temperaturein
Furnace(°C) 900–1300 1350 1200
DurationTime(h) 8–12 2–4 2
NumberofSamples 5 2 1
TotalSample




PBDD/F congeners were identified and quantified using
isotopic dilution high–resolution gas chromatography combined
withhigh–resolutionmassspectrometry(HRGC/HRMS).Fulldetails
of the analytical technique and methodology used have been
reportedpreviously (Duetal.,2010).Adetailedschematicof the
clean–up procedures used for isolating PBDD/Fs from stack gas
samples is presented in Figure S1 (see the SupportingMaterial,
SM).Briefly,stackgassampleswerespikedwithknownamountsof
a 13C12–labeled PBDD/F internal standard mixture (EDF–5408,
Cambridge IsotopeLaboratories,USA)andthenSoxhletextracted
with250mLof toluene forapproximately24h.Eachextractwas
concentrated using a rotary evaporator and then subjected to a
series of clean–up steps, including amultilayer silica gel column
andabasicaluminacolumn.Aftertheclean–upstepscompleted,
anactivecarbon–impregnatedsilicacolumnwasusedtoseparate
PBDD/Fs from other organic pollutants. The fraction containing
PBDD/Fs was concentrated to a volume of approximately 20μL
usingarotaryevaporatorandagentlestreamofN2.Then,13C12–
labeledPBDD/Finjectionstandards(EDF–5409,CambridgeIsotope





(Thermo, USA) with an electron impact ion source. Detailed
informationonthe2,3,7,8–substitutedPBDD/Fcongenersstudied










ranged from 104–117%. The recoveries of 13C12–labeled PBDD/F
internal standards ranged from 20–115%. Compared with other
13C12–labeled congeners, the recoveries of 13C12–OBDFwere low
(20–37%). There is currently no standard method for PBDD/F
analysis.Recoveriesofthe13C12–labeledocta–chlorinatedhomolog
were required to be within 17–157% according to the US EPA
method 1613B for PCDD/F analysis. Therefore, the recoveries of
13C12–OBDF were considered acceptable for trace analysis of
PBDD/Fs in this study. Full details of the sampling and pre–
treatment standard recoveries are included in Table S2 (see the
SM).

2,3,7,8–bromine substituted congenerswere identifiedusing
the isotopedilutionmethod. In identifyingthetargetcompounds,
threequalitycontrolcriteriawereused:(a)matchingGCretention
timestothecorresponding13C12–labeledstandardcompounds;(b)
the signal–to–noise ratio being greater than 3:1; and (c) the
isotopic ratios between the quantified and identified ions being
within ±15% of the theoretical values. One blank sample was









smelting stageswere analyzed and compared (Table 2). PBDD/F
emissionspeakedduringthefeeding–fusionstage,withanaverage
concentrationof443pgNm–3[range:364–559pgNm–3;Nm3isthe
volumeof stack gas collected,normalized to273K and standard
atmospheric pressure (760mmHg)]. During the feeding–fusion
stage, the raw materials were added into the furnace in three
batches andmelted by heat from the combustion of heavy oil.
PBDD/Fs are likelyproduced from the incomplete combustionof
organic impurities present in the raw materials (D'Silva et al.,
2004).Thefeeding–fusionstage lastedapproximately8–12hours.
Because of the duration and conditions, it is not surprising that
largequantitiesofPBDD/Fswouldbe formedandemittedduring
the feeding–fusion stage. The average concentration of PBDD/Fs
during the oxidation stage was 223pgNm–3 (range: 209–
237pgNm–3),much lower than thatof the feeding–fusion stage.
Composition of rawmaterials has beenwidely recognized as an
important factor influencing the formation and emission of
unintentional POPs during industrial thermal processes (Xhrouet
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anddePauw,2004;Huetal.,2013).Highconcentrationsoforganic
residues in the raw materials are responsible for these higher
emissions.Duringthedeoxidizationstage,almostalloftheorganic
impurities in the raw material had been removed through the
feeding–fusion and oxidation processes. Therefore, the average
concentrationofPBDD/Fsinstackgassamplescollectedduringthe
deoxidization stagewas the lowest,withavalueof115pgNm–3.




To compare the relative contributions of PBDD/F emissions
during different smelting stages, emissions from each smelting
stagepercopperproductionfurnacewerecalculatedbasedonthe





where Ei is the emission amount in stage i (ngtо1), Ci is the




stages were identified.Maximum PBDD/F emissions per copper
production furnace occurred during the feeding–fusion stage
(89.4ʅgper furnace), with a percentage contribution to total
PBDD/F emissions of 83%. During the oxidation stage, PBDD/F
emissionswere14.9ʅgperfurnace,whichcontributedtoapproxiͲ
mately14%ofthetotalemissions.Approximately3%ofthetotal




Emission factors are useful for establishing emission
inventories based on limited data. In this study, the emission
factors of PBDD/Fswere calculated tobe 715, 119 and 31ngtо1
during the feeding–fusion, oxidation and deoxidization stages,
respectively.Thetotalemissionfactorwas865ngtо1inthisstudy.
To the best of our knowledge, this is the first emission factor
reported for PBDD/Fs from SeCu. These data will be useful for






identifying formation mechanisms and possible sources of
PBDD/Fs. In thiswork, thirteen 2,3,7,8–PBDD/F congeners were
selected as fingerprints of PBDD/Fs from SeCu. To evaluate
similaritiesanddifferences in thePBDD/Fpatterns, the individual
PBDD/F congener concentrations were normalized to the total
2,3,7,8–PBDD/F concentration. The congenerprofilesofPBDD/Fs
in stack gas during different smelting stages are presented in
Figure1. From Figure1 it is evident that PBDF emissions were
much higher than PBDD emissions throughout the smelting
process. Higher–brominated congeners were the dominant











Mean Range Mean Range 
Concentrations(pgNm–3) 443 364–559 223 209–237 115
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Duringthefeeding–fusionstage,themostabundantcongener
was OBDF, followed by 1,2,3,4,6,7,8–HpBDF, OBDD and
1,2,3,4,6,7,8–HpBDD.These fourcongenersaccounted for89%of
total 2,3,7,8–PBDD/F emissions during the feeding–fusion stage.
During the oxidation stage, the PBDD/F congener patternswere
also dominated by the higher–brominated congeners. However,
contributions from tetra– tohexa–brominatedPBDD/Fcongeners
tototal2,3,7,8–PBDD/Femissionsduringtheoxidationstage(22%)
were higher than those during the feeding–fusion stage (11%).
From Figure1 it is apparent that the PBDD/F congener patterns
duringthedeoxidizationstageweredifferentthanthoseduringthe
other stages.ThepercentageofPBDDemissions to total2,3,7,8–
PBDD/Femissionsduringthedeoxidizationstage(12%)wasmuch
lower than during the feeding–fusion (31%) and oxidation (45%)
stages. As can be seen from Figure1, the percentages of




those during the feeding–fusion and oxidation stages. The
congener profiles of PBDD/Fs from waste incineration, iron ore
sinteringprocessesandelectricarcfurnacesforsteel–makinghave
alsobeenreported(Wyrzykowskaetal.,2009;Wangetal.,2010a;
Wang et al., 2010b). Thedominanceofhigherbrominated furan
congeners, including OBDF and 1,2,3,4,6,7,8–HpBDF, were also
observed for these processes. Overall, the PBDD/F congener
profilesfromsecondarycoppersmeltingprocessesweresimilarto
those of waste incineration, iron ore sintering processes and





A preliminary investigation of PBDD/F emissions during
different stages of the secondary copper smelting process was
conducted.The results indicated thatPBDD/Femissionsoccurred
primarilyduring the feeding–fusion stages. The PBDD/F emission
factors during the feeding–fusion, oxidation and deoxidization
stageswere715,119 and 31ngtо1, respectively.PBDF emissions
were much higher than PBDD emissions throughout the whole
secondary copper smelting process. Higher–brominated PBDD/F
congenerswere themost dominant contributors throughout the
smelting process. These results provide useful information for
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Detailed information on the monitored 2,3,7,8–substituted
PBDD/F congenersusingHRMS; the sampling and pre–treatment
standard recoveries; and the clean–up procedures used for
isolating PBDD/Fs from stack gas samples. This information is
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